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Abstract
The motivation behind this project was to develop a better understanding of the role that the
stove top plays in a stove where pine needles are the main fuel source. Pine needles have distinct
characteristics in their combustion cycle that make it challenging to effectively harness the
energy released for cooking purposes. Processed pine needles are currently used as a fuel
source, but in areas where the process of turning raw pine needles into another fuel form is not
feasible, the use of unprocessed pine needles as a fuel source is required. Two stove top
configurations, a spiral and C-shape configuration, were designed and tested in a semi-gasifier
system under forced convection. Measurements of operating temperature at various locations for
each stove top design indicated that the C-shape design was best at distributing heat more evenly
throughout the stove top, which is desirable when cooking, even though it consumed slightly
more fuel than the spiral design. The findings of this report can be used as a benchmark
prototype for larger-scale stove tops as well as for stoves that need to have passive airflow and
non-automated feeding systems.
Thesis Supervisor: Dr. Barbara Hughey
Title: Instructor of Mechanical Engineering
1. Introduction
Many years ago, the Indian government attempted to start a logging industry at the foot of
the Himalayas in Uttarakhand, which ultimately failed to reach fruition, leaving behind acres of
planted pine trees in foreign soil. The communities now living in this area, including the Avani
NGO community, are facing the consequences. Despite the ample supply of pine trees that grow
in the area, wood useful for cooking fuel is in short supply due to the fact that it is illegal to cut
from or cut down these government-owned pine trees. As a result, the pine trees still stand,
shedding large volumes of pine needles every year, which increases the risk of forest fires and
inhibits the natural growth of local vegetation because pine needles acidify the soil as they decay.
The pine needles themselves, however, have the potential to be put to use as an alternative fuel
due to their highly combustible nature and high resin content. There are certain processes and
stoves that use a form of processed pine needles as a fuel source, like the gasifier that is currently
used at the Avani NGO in Uttarakhand to generate electricity. But despite these applications,
little research has been done on the use of unprocessed pine needles in a stove.
As with all cook stoves, health and economic factors must be considered when designing a
stove for use inside the home. Exposure to indoor air pollution due to poor ventilation and
inefficient combustion in biomass stoves affects more than three billion people worldwide,
which ultimately increases the health risks of not only the user, but everyone living under the
same roof. The World Health Organization has stated that the major risk to the health of women
and children in the poorest countries of the world is indoor air pollution.2 Because of this current
circumstance, the design of a cook stove that is governed by fuel efficiency and minimal toxic
emissions is extremely important.
In the spring of 2010, MIT's D-Lab was presented with the challenge from the Avani NGO
community in India to design a practical cooking stove that was fueled by raw or minimally
processed pine needles. That spring, the author of this paper, along with a team of fellow
undergraduate students and MIT mentors, developed a proof-of-concept design that used raw
pine needles and natural convection to power the stove with a unique spiral stove top design.
Continuing in the fall of 2010, two of the undergraduates and MIT mentors further researched
the combustion and burn characteristics of unprocessed pine needles in a stove system by
altering the key combustion factors in a controlled environment. A semi-gasifier system was
used in order to test the effect of primary and secondary airflow rates on the bum profile of a
mass of pine needles. As a result, the ideal values for primary and secondary airflow rates were
discovered for this particular system.
The determination of optimal values for the primary and secondary airflow rates was crucial
to the understanding of the behavior of pine needle combustion, and thus set a baseline to guide
further research to design an effective pine needle cook stove. The current project explores the
design and effectiveness of two different stove top geometries designed to fit the same semi-
gasifier system that was used to find the ideal primary and secondary airflow rates in a controlled
configuration. The ideal airflow rates were used as a control in this experimental set-up which
modified the original configuration by providing a continuous feed of pine needles during the
combustion process. While the spiral stove top design proved to work for the particular proof-
of-concept design created in the spring of 2010, the aim of this paper is to further understand and
analyze this design in comparison to another stove top design in a controlled environment. This
understanding will then serve as a guide for further prototypes of the stove tops for the pine
needle stove.
Section 2 provides relevant background information for this project, including previous
work with pine needle combustion in a semi-gasifier and existing stove top geometries in wood
stoves. Section 3 describes the test apparatus and explains the testing methods used.
Subsequently, Section 4 presents the results and discussion of the data measured and observed,
and the Conclusion explains how the results can further guide the next generations of the pine
needle stove.
2. Background: Pine Needles and Stove Design
When this project began in the spring of 2010, there was little information from which we
could draw regarding the combustion of pine needles or their use as an effective fuel when
unprocessed. The information that we gathered dealt more with the design of wood stoves and
this was the basis from which we originally began our design. Because of the lack of
information regarding pine needle combustion, two others on the team took it upon themselves to
conduct research to discover the characteristics of pine needle combustion. It is from their work
this past fall that the designs of the stove made in this report were able to be produced.
2.1 Previous Work on the Pine Needle Stove
In the fall of 2010, two others on the team researched the characteristics of the pine needle
combustion cycle. They began by studying the combustion of wood and comparing it to that of
pine needles. What they discovered was that unprocessed pine needles seem to have a similar
combustion cycle as that of wood, but the volumes and types of volatiles differ because of the
different chemical makeup of the two fuels. This difference also led to the conclusion that the
operating temperatures and air ratios needed to complete the combustion cycle differed for each
fuel. This knowledge of the combustion cycle and ideal air ratios has thus aided the research in
the design of the testing methods used in this paper.I
The development of the first pine needle stove provided us with qualitative data regarding
the manner in which pine needles bum in a stove setting and the behavior of the lingering smoke
path. The pine needles needed a continuous feed in order to bum for the amount of time needed
for the stove to reach high temperatures. With the spiral stove top design, boiling tests were
conducted in order to determine the time needed to reach boiling temperatures for various
amounts of water and firebox size. From this set-up, it was concluded that the spiral design
worked in this case with natural convection and a chimney, thus giving a proof-of-concept. But
with this design there were many uncontrolled factors, including the amount of secondary air that
leaked into the top of the stove. In further iterations of the stove, the stove top was mounted and
sealed completely at the top, which ultimately choked the pine needle combustion process,
because the primary air inlets were not sufficient enough to maintain the bum. Thus, a
secondary air inlet needed to be present in the stove. The spiral stove top design varied in size
and configuration among the beginning prototypes of the stove and was not fully characterized
during this time.
The research that was conducted in the fall of 2010 greatly contributed to the knowledge
required for the design and development of further prototypes of the pine needle stove. The goal
of that research was to characterize the combustion cycle of pine needles, and even though the
original pine needle stove design was made from firebrick and used natural convection, a semi-
gasifier with an open top was used in these tests in order to isolate the pine needle bum with
controlled primary and secondary air flows. Nine different tests were conducted, with eight
thermocouples set up in various places throughout the stove, with varying controlled airflows for
each test.
The observations and results from these tests showed that the combustion of pine needles
operates in two regimes. The first regime consists of the primary and secondary combustion
occurring at the same time, with the primary combustion being the burning of the raw pine
needles, and the secondary combustion being the burning of the gases that are released as a
consequence of primary combustion. The second regime occurs once the raw pine needles have
been fully exhausted and the fuel has turned into charcoal. Because the pine needles are charcoal
in Regime 2, neither the primary nor secondary combustion occurs; rather, the charcoal
continues to burn to completion as it retains smoldering heat. At the end of this cycle, all of the
pine needle fuel has been converted to ash, with no more source from which energy can be
extracted.
Varying the primary and secondary airflow into this system affected the amount of time in
which the combustion cycle was in each of the two regimes, as well as how effectively the fuel
was burned to completion. The ideal air flow rates that were discovered were 40 scfh for the
primary air, and 90 scfh for the secondary air. Under these circumstances, the pine needles
combusted in Regime 1 for about 3.5 minutes, and in Regime 2 for just over 5 minutes. This
configuration gave the optimal burning time in each regime while allowing the pine needle burn
cycle to complete. Figure 1 is the graph of one of the 40-90 scfh tests taken during this time and
demonstrates the two regimes as a function of temperature and time.1 Thermocouple 4 was
placed at the top center of the semi-gasifier and demonstrates that the temperature would be
hottest at the bottom of a cook pot at about two-thirds into Regime 1. The other seven
thermocouples measured the temperature of the incoming primary and secondary airflows,
ambient air, and at various points within the combustion chamber.
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Figure 1: Testing result of the pine needle combustion cycle in a semi-gasifier in Fall
2010.1 The thermal spectrum includes Regime 1, Regime 2 and cooling. The primary air
flow was set to 40 scfh and the secondary airflow was set to 90 scfh.
From these experiments, the 40-90 scfh setting for the primary and secondary air flow was
chosen to be used for all the tests in this paper that burned raw pine needles in order to test,
measure and observe the operating temperatures of various stove top designs.
2.2 Existing Stove Top Designs for Wood Stoves
2.2.1 Three-Stone Fire
In many third world countries, the traditional way of cooking is over a three-stone fire,
mainly because it is simple, easy to use and maintain, and cheap. All that is needed are three
stones of relatively the same height, and a ground on which the wooden sticks can burn. In this
method, the fire and hot gases are directly exposed to the cook pot at close range over the entire
bottom area. Reaching high temperatures, the three stone fire is an effective way of cooking the
food. The major drawbacks of this design configuration, however, include the lack of ventilation
of the smoke from the room, which contributes to indoor pollution, and waste of fuel, as heat
escapes into the open air, thus more fuel is needed per cooking session than if a better design
were used.
Figure 2: A traditional three-stone fire in Tanzania.3
2.2.2 Pot Supports
The basic principle behind a cooking chamber configuration is not much different from that
of a three-stone fire. The only difference is that the combusting fuel is harnessed, rather than
being exposed to open air, while the principle stove top configuration remains the same. Many
different variations of stoves have been designed to harness the fuel source and make it more
efficient by creating variations of a combustion chamber and the way in which the fuel and
airflow enter the system. Some of these stoves include the Winiarski/Aprovecho Rocket Stove,
the Philips Wood Stove, the Anila Stove and other gasifiers and semi-gasifiers.
Each of these designs vary in the combustion chamber, but are relatively similar at the top of
the stove by having an open top with pot supports on which the pot rests. In this way, the pot is
directly exposed to the fire, but with a gap through which air can flow to aid in the completion of
the combustion process.
(a) (b)
Figure 3: Pot Supports on a (a) Phillips Wood Stove and a (b) Stovetec Wood Stove.4
Both designs allow the pot to hover over an open flame of fuel burning in a combustion
chamber, and improve on the three-stone design by containing more of heat from
combustion.
2.2.3 The Pot Skirt
With a combustion chamber and pot supports, the fuel efficiency is greater than that of a
traditional three-stone fire, but due to the open-air design at the top of the stove, there is still a
significant amount of heat loss that occurs. Dr. Samuel Baldwin and Dr. Larry Winiarski, both
experts in the field of stove design, have developed a design that helps to increase the heat
transfer rate between the fuel source and the cook pot, which forces the hot gasses emitted from
the fuel to flow past the bottom surface area of the pot in a narrow channel at high velocities.
The pot skirt, created by Dr. Winiarski in 1982, consists of a sheet metal cylinder
surrounding the pot, through which the exiting fuel emissions have to pass, which increases the
heat transfer efficiency. The schematic of the pot skirt is shown in Figure 4.5
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Figure 4: The Rocket Stove and Pot Skirt (a) Schematic of the rocket stove with a pot
skirt surrounding the pot at the top of the stove; (b) the gases warm the sides of the pot
before exiting the system through the narrow channel created by the pot skirt.'
In the design of the pot skirt, a narrow channel is desirable to increase the convective heat
transfer from the fuel source to the pot, but if the channel is too narrow, then the flow of air
through the stove decreases, which can cause choking of the combustion process. However, if
the channel is too wide, unnecessary heat is lost to the environment. Thus, the gap size is related
to the amount of combusted fuel in the chamber. Enough air is needed for the combustion to
take place, as well as to avoid back drafting into the room. The overall idea of the pot skirt is to
increase the heat transfer rate from the burning fuel to the cook pot in order to have a hot enough
pot in which food can be cooked properly with optimal efficiency.
2.2.4 The Integrated Pot
Another stove top design that takes further advantage of the pot skirt idea is the Chulha
Stove, created by Philips. As depicted in Figure 5, the Chula stove integrates the rocket stove
idea to power two different stove tops, with one for deep-pot cooking, and the other for a grill.
The side used for deep-pot cooking essentially has a pot skirt that fully surrounds the outer
surface area of the pot, minus the top surface. The other side that is used as a grill does not
incorporate the stove supports like most other stoves, but rather a grill geometry. The smoke
path in this design elongates the burn path by traveling throughout the stove before exiting
through the chimney.
Figure 5: The Chulha Stove with two stove top s, one of which uses a grill pattern to
grill while the other is used for deep-pot cooking.
2.3 Prototype I: The Spiral Pine Needle Stove
The design of the first prototype of the pine needle stove was mainly inspired by the
principles of typical woodstoves, like the rocket stove. The parameters behind the spiral stove
top design were to (1) evenly distribute the heat of the burned gas to the bottom of the cook pot,(2) extend the bum path to harness the emitted gases, and (3) create a clean burn out the top of
the chimney by reheating the emitted gases so that a secondary bum occurs before the gas exits
the system. Photographs of the first prototype are provided in Figure 6.
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Figure 6: (a) The first prototype of the Pine Needle Stove with (b) a unique spiral design,
allowing for gaseous combustion products to exit through a chimney after the secondary
burn path occurs in the spiral.
As shown in Figure 6, the stove consisted mainly of a square firebox made of firebrick, held
together by threaded rod and nuts. Compressed, raw pine needle fuel was fed into the system via
a fuel chute on the side of the firebox. Two adjustable air inlets were on one side of the firebox,
drawn by a draft induced by the chimney, allowing for primary and secondary air to enter the
firebox and aid in the combustion of the pine needles. The volatile organic compounds emitted
from the combustion were thus drawn through the outlet hole at the top center of the firebox and
into the spiral path to increase the burn path directly beneath the pot. Once the metal spiral was
up to temperature, the volatiles ignited in the spiral, creating a clean secondary bum before
exiting through the chimney. Below the firebox was an ashtray in which the ashes would collect
and be dumped out via a drawer at the end of the burn cycle. Photographs of the stove in use are
shown in Figures 7a and b below.
(a) (b)
Figure 7: The first prototype of the Pine Needle Stove in use; (a) covered by a thermally
resistant glass where the cook pot would sit; (b) a close-up of the spiral geometry.
C Spiral
Figure 8: Schematic of the first prototype of the Pine Needle Stove, demonstrating the
air, fuel and heat interaction while the system is in use.
3. Experimental Design
The design of the experimental set up was based on the Philips stove semi-gasifier, and is
shown in Figure 9. This set up was originally designed to gain a better understanding of the
combustion cycle of unprocessed pine needles, and was used in this experiment as a test bed to
examine the performance of two different stove top designs.
Two major stove top configurations were designed, fabricated, and tested; however the
design process to achieve the ideal dimensions for each design resulted in further iterations of
each configuration, totaling three prototypes for each stove top configuration. Once the final
prototype for each stove top configuration was made, it was tested from a cold start on the semi-
gasifier for an operating time of thirty minutes.
An air compressor was used to pump air into the system, and the airflow was controlled with
King Instrument Company rotameters. Thermocouples were used in seven different places in the
system and data was logged to a computer with Vernier Logger Pro. The ambient temperature
and the temperature of the controlled air compressor were measured using standard
thermometers. The primary and secondary airflow rates were kept constant for each test at the
40-90 scfh values discussed in Section 2.1.
Figure 9: Experimental set-up in Carlisle, Massachusetts, April 2011
The carbon dioxide (C0 2) concentration was also measured for the duration of one trial of
each stove top design with a Vernier Software and Technology CO2 sensor, located at the end of
a 30" long copper and fin rod configuration that was placed at the outlet of the stove top
configuration. Figure 10 shows the experimental set-up with the CO 2 sensor in place.
Figure 10: Experimental set-up with the CO2 sensor and pine needle feeding mechanism
in place
3.1 Apparatus
3.1.1 The Semi-Gasifier
The semi-gasifier that was used to test the characteristics of pine needles in the fall of 2010
was used in this set-up, but with a few changes. The purpose of the present work is to measure
the performance of two different stove top designs when burning pine needles in a semi-gasifier.
In order to do this, the stove needed to run for a longer amount of time than the 10 minutes used
in the previous work. A continuous feeding mechanism was built to add fuel to the combustion
chamber, when necessary, without significantly changing the pressure in the combustion
chamber. The feeding mechanism was a linear actuator (1 5/8" inner diameter tube) that was 12"
long, with an additional 12 5/8" threaded rod used to feed the pine needles into the combustion
chamber via drill power. Two of these rods were fabricated and used as pine needle cartridges
that quickly switched out two or three times during the 30 minute trial. A high powered feeding
system like this one would most likely not be used in developing countries, but for the purposes
of this test, it was used in order to demonstrate the stove top efficiencies in a pressurized semi-
gasifier system.
Figure 11: The additions to the original semi-gasifier include a feeding mechanism, an
ash tray, and a stove top.
Figure 12: The two pine needle cartridges used to feed pine needles into the combustion
chamber. The weights written on each cartridge are the net weights of each one when it
is not loaded with pine needles.
Figure 13: A detailed view of the drill powered linear actuator configuration.
In addition to this feeding mechanism, an ash tray was added just below the primary air and
thermocouple inlet to allow the ashes of pine needles to fall through the grate so as not to clog
the combustion chamber while in use. The ash tray was sealed, but was removable to allow for
dumping and cleaning between trials.
The other physical change to the stove was the addition of the stove top. The stove top
consisted of a 7" outer diameter disc mounted inside a cylindrical shell of sheet metal
surrounding the outside rim of the semi-gasifier. This shell totaled 3" in depth with 1" protruding
at the top-making it level with the height of the baffles designed in the stove tops. There was
also a 2 5/8" gap in this outer rim of sheet metal that served as the exhaust outlet for the stove.
The thermocouple placement throughout the stove also changed to allow for measurements to be
taken in various places in the stove top design as well, and is shown in Figure 14.
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Figure 14: Annotated configuration of the testing system made with
along with the additional fuel feeder, ash tray, and stove top.
1/32" sheet metal,
The body of the semi-gasifier was constructed of an inner cylinder (6" diameter) placed
inside a larger cylinder (7" diameter), mimicking Philips stove double-walled concept. The
sheath compartment was partitioned from the primary air inlet in order to have the two systems
be independent of each other. The primary air was introduced to the combustion chamber
through a circular tube perforated with 13 holes (diameter 3/32") directed slightly inwards, and
the secondary air was introduced through two rows of 25 holes (diameter 1/8").
A compressor was used to pump air into the system attached to a meter to monitor humidity.
The primary and secondary airflow rates were controlled by four vertical mount King Instrument
Company rotameters which included one Flowmeter 6-70 scfh with PVC fittings, one Flowmeter
2-20 sfcm, and two Flowmeters 10-180 scfh. The 6-70 scfh and the 10-180 scfh rotameters
controlled the primary airflow, while the 10-180 scfh and 2-20 scfm controlled the secondary air
flow. The large rotameter (2-20 scfm), however, was not used during the test trials, but rather
for cooling purposes between trials. For each of the six tests performed, the airflow was set to 40
scfh for the primary air, and 90 scfh for the secondary air. Figure 15 below shows this
compressed air set-up.
Figure 15: Set-up of the air compressor and the values used to control primary and
secondary airflow.
Seven thermocouples were used to measure the temperatures at different locations
throughout the semi-gasifier system and stove top. Thermocouples 1-3 were positioned inside
the combustion chamber at varying heights. Thermocouples 4 and 5 were positioned at the
primary and secondary air inlets, respectively. Thermocouples 6 and 7 were placed in the stove
top, with Thermocouple 6 positioned on the opposite side of the stove top from the location of
Thermocouple 7 at the exhaust outlet. Photographs of the thermocouple placement in the semi-
gasifier are shown in Figure 16.
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Figure 16: The placement of the thermocouples, TI, T2, T3 and T4 covered in metal
tubing in the combustion chamber, connected through the bottom lid of the stove (ash
tray attached); (a) side view of the thermocouples, bent at the top to reach the center of
the combustion chamber; (b) top view showing TI at the level of the grate. The primary
air is introduced in the ring tube with evenly-spaced holes beneath the grate. The hole in
the center allows the ash to fall and leads into the ash tray.
The thermocouples positioned in the combustion chamber were introduced through narrow
cylindrical tubes from the side of the semi-gasifier, near the bottom of the system; the metal
tubes shielded the thermocouples from excessive heat damage, as shown in Figure 16.
Thermocouple 1 was level with the grate, Thermocouple 2 was 5.5" above the grate, and
Thermocouple 3 was 12 " above the grate and level with the opening to the stove top. The
thermocouples used were Type-K thermocouple wires with an operating range of -200 to 1400
*C, and an accuracy of ±5 *C when operating between 0 and 900 *C. They were interfaced with
two LabPros and connected to a laptop to record the temperature versus time data for each trial.
This set-up was as shown in Figure 14.
3.1.2 Design of the Stove Top Configurations
Two of the considerations important to the design of a stove top, as discussed in Section 2.3,
were to evenly distribute the heat of the burned gas to the bottom of the cook pot, and to extend
the burn path to harness the emitted gases. This was the main idea behind the original spiral
design, and was incorporated into the new stove top designs for this experiment. For each of the
stove top designs, the outer baffle was not attached to the base plate, but was rather a part of the
semi-gasifier. The outer baffle was a 3" sheet of metal formed around the semi-gasifier and
clamped with two hose clamps, with 1" protruding above the top of the semi-gasifier to match
the height of the baffle design on the stove top. A 3/16" thick fused silica zero expansion quartz
plate (from here on referred to as the 'glass plate') with a 13" diameter was placed on the stove
top to simulate a cooking pot.
The first stove top that was designed was the spiral configuration. In the past, large
diameter spirals were constructed for prototype and testing purposes, but a new one needed to be
constructed in order to be tested on the smaller diameter semi-gasifier stove. With an outer
diameter of 7", there was not much room for wide channels, if the same spiral shape was to be
scaled down. In order to create this shape, the center hole was made to be 1.5" in diameter with
a channel width of 0.75", giving a spiral length of 32" (excluding the outer baffle), and a smoke
path length of about 50". The baffle was 1" high, in order to reduce the distance from the top of
the stove to the bottom of the cook pot. Photographs of this design are shown in Figure 17.
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Figure 17: Spiral Design Stove Top (a) the sketch of the spiral on the base plate, and (b)
the final spiral mounted on the semi-gasifier with 8 screws, showing the thermocouple
placement. The baffles were manufactured by spot welding.
The thermocouples used to measure the temperature performance of this stove top were
placed in three different positions in the spiral. Thermocouple 3, as mentioned in Section 3.1.1,
was located at the top of the semi-gasifier, at the center of the stove stop opening. Thermocouple
6 was placed 22.5" into the spiral design at the opposite end of the stove top from the exhaust.
Thermocouple 7 was placed at the 1'" wide exhaust.
Similarly, a C-shape baffle configuration was designed for the second stove top. In this
configuration, the airflow could take two paths, ideally spreading the heat of the gases to the
bottom of the pot. Again, because of the small, 7" diameter stove, three C-shaped baffles
(excluding the outer baffle) could fit onto the base plate if the baffle width was kept at 0.75",
with a center hole of 1.5" in diameter. The gap in each C-shaped baffle had a gap of was 0.75",
as shown in Figure 18.
Figure 18: C-shape Configuration Stove Top. The stove top before it is placed on the
semi-gasifier, showing the (a) dimensions and (b) thermocouple placement.
The thermocouples in the C-shape configuration were placed in similar positions as in the
spiral configuration. The placement of Thermocouple 6 was the only one that changed, and was
placed between the second and third C-shaped baffles, at the opposite end of the stove top from
the exhaust. The exhaust gap was the same in this test because it was part of the outer baffle that
is attached to the semi-gasifier itself.
Once we made the initial stove top designs, as shown in Figures 17 and 18, we informally
ran the stove with each one mounted on the semi-gasifier before the official measurements were
taken. In order to make sure that the stove top was functioning properly, the pine needles had to
combust and that the subsequent gases emitted traveled through the stove top configuration and
out the exhaust outlet. This pre-test was first performed on the spiral design, with the methods
described in Section 3.2, and without the glass cover on top of the stove (simulating a pot), the
pine needles were combusting just fine, with a high velocity flame shooting out of the 1.5"
diameter hole, as shown in Figure 19; however, once the glass plate was placed on top of the
spiral, the flames quickly died down and the entire system began to smoke, heavily.
Figure 19: High velocity flames shooting out of the 1.5" diameter hole at the center of
the first spiral design.
We ran this stove for some time, observing the differences in the flame when the glass was
completely covering the stove top, and when it was only partially covering the stove top. Even
when the glass was only partially covering the stove top, the flames and gases did not follow the
spiral path, as was previously observed with Prototype I (Section 2.3). After letting this system
die out and cool down, we replaced the stove top with the C-shape configuration design in order
to see how it would perform, and it ultimately behaved the same way as the spiral. The flames
shot out of the center hole, as expected, but when the glass covered the stove top, either fully or
partially, the combustion process choked, in a similar manner as the spiral.
From this point, it was observed that even though there was forced air in the system, the
gases would not follow the path of the stove top configuration. The center hole might have been
too small, that is, even though there were high velocity flames shooting out of the stove top,
perhaps a lower velocity flame was needed. Also, it was concluded that there was perhaps too
much resistance with the amount of baffles in each of the stove top designs.
A change in stove top dimensions needed to be made. Therefore, before making an entirely
new set of stove tops, the existing ones were modified first to determine whether or not it was the
size of the hole or the channel width and length of the spiral that was choking the pine needle
combustion process. The modified stove top configurations were then altered to have a center
hole of 2 5/8" diameter. For the spiral configuration, this meant that the new spiral length
(excluding the outer baffle) was 25.75" long. For the C-shape configuration, this center hole
expansion did not change the placement of the C-shaped baffles with respect to one another.
With this modification, however, the gaps in the C-shaped baffles were also widened to 1.5" to
see if this was also a choking point in the design. Photographs of the modified stove tops are
shown in Figure 20.
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Figure 20: Modified Stove Top Configurations of (a) the spiral and (b) C-shape
configurations. The center hole expanded to 2 5/8" diameter for each configuration, and
the gap in the C-shape was expanded to 1.5".
The modified stove tops were then mounted on the gasifier once again for a second round of
pre-testing. During these trials, the flames were again shooting out the top of the spiral when the
glass was not present, but when the glass was fully or partially present, the stove slowly ceased
to combust. The one interesting observation made for the modified spiral configuration was that
the smoky gases seemed to follow the spiral path until it reached the exhaust outlet, but this
phenomenon was only temporary and the gases quickly dissipated, along with the fire.
After this second trial, it was necessary to make two entirely new stove tops with less
resistance and a wider flow path. In dimensioning this wider flow path, the size of the center
hole was reduced back to 1.5" diameter in order to design two channels that allow the gas to flow
between the baffles to have equal width. As a result, the new spiral configuration had a channel
width of 1.25" and a spiral length (excluding the outer baffle) of 15.5". The new C-shape
configuration had C-shaped baffles spaced 1.25" apart. The inner baffle directly surrounded the
center hole and only covered half the circumference to allow the gas to flow freely through the
hole and into the stove top configuration. The outer C-shaped baffle had a gap of 2" that opened
on the opposite end of the exhaust outlet. The exhaust outlet itself was expanded to 2 5/8" to
allow the gases to be drawn out of the stove top configurations. Photographs of the new stove
top configurations are shown in Figure 21.
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Figure 21: New Stove Top Configurations of (a) the spiral and (b) the C-shape
configuration
The overall idea of the new design was to reduce the amount of resistance through which the
gas had to flow before being drawn around the surface area of the stove top and exiting the
system. The new stove top configurations, as shown in Figure 21, were pre-tested to verify their
functionality. Unlike the original designs, they functioned properly when the glass was placed
over the stove top, as the gases flowed out of the center hole in the stove top and into the
designated path of the configuration. Therefore, these designs were used in extended tests to
measure performance when burning pine needles in a semi-gasifier.
3.2 Methods
The pine needles used in this experiment were gathered from the forests in Carlisle,
Massachusetts and were spread out indoors in a thin layer for at least 24 hours in order to dry the
needles. The pine needles themselves were not completely homogeneous, as twigs, leaves and
small pine cones are naturally included when gathering the pine needles. The pine cones and
larger branches were removed from the pine needles, but the smaller leaves and twigs remained
to simulate the practical method of using unprocessed pine needles for cooking purposes.
Figure 22: The pine needles from Carlisle, MA. The mix was heterogeneous
with small twigs and leaves, simulating natural collection and usage.
Each trial began with a batch of 100g of pine needles measured and pre-loaded in the
combustion chamber. The height of the initial pine needle batch was approximately 6" above the
grate. The rotameters used to control the airflow were set at the ideal airflow rates of 40 scfh for
the primary air and 90 scfh for the secondary air, as discovered by Fang and Hane-Weijman. 1
The two pine needle cartridges were pre-loaded with pine needles and weighed, then one was
loaded into the system, and the other on standby. To start the trial, a gas torch with an extender
was used to reach the fuel through the small opening in the center of the stove top, and held for
approximately 3 seconds to ensure the fuel bed had ignited, as shown in Figure 23. The data
collection on the Logger Pro software was started just before the fuel bed was lit and ran for 30
minutes. Once the fuel was lit, the system ran for one minute in open air before placing the high
temperature glass on the stove top-simulating the bottom of a pot. This was done in order to
ensure that the pine needles were combusting properly, and which slightly pre-heated the stove
top, as the flames exited the 1.5" diameter hole in the center of the stove top.
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Figure 23: The initial pine needle batch was ignited with a torch and extender to reach
the fuel bed through the 1.5" diameter hole in the center of the stove top.
During the trial the flame was carefully monitored to ensure that it did not go out. Using the
temperature readings on the laptop, once the temperatures began to drop and/or the flame was
visibly reducing, a small amount of pine needles were fed into the system via the linear actuator
and drill controller. The drill was typically held for 3-5 seconds during each feed, which
amounts to approximately 18-30g (see Appendix A). Once a cartridge was empty, the drill and
cartridge were removed and quickly replaced with the second cartridge that was pre-loaded. The
first cartridge was then reloaded and weighed to use as the third cartridge of the trial when
needed. This process of changing cartridges occurred 2-3 times per trial, with each cartridge
lasting on average of 7-8 minutes. Notes were carefully taken throughout the trial to note
changes in the flame, feeding times, and changes in the cartridge.
When a cartridge was removed, a plug of pine needles packed into the outlet of the stove
and prevented much of the smoke and fire from exiting through this inlet, as shown in Figure 24.
A plug of pine needles was also left at the end of the cartridge itself, which averaged to about 18-
20g each time.
Figure 24: A plug of packed pine needles at the fuel feed inlet. The casing connector is
also shown-a metal tube connecting the fuel feed inlet to the cartridge and tightened
with two hose clamps.
Nearing the 25 minute mark in the trial, the last of the remaining pine needles left in the
cartridge was fed into the stove (depending on need), and allowed to run to completion while
cooling for the last five minutes. After the 30 minute mark, data collection ceased, and the
airflow valves were open to their maximum flow rates to allow for fast cooling of the system.
The stove top and remaining ash were removed when the system reached below 50 C, and the
stove was primed with a fresh batch of 10 0g of pine needles before the next stove top
configuration was screwed in for the next trial. The trials alternated between the stove top
configurations used in order to ensure the cold start of each stove top. Each of the two stove top
configurations was tested 3 times.
Due to the sensitivity of the CO2 sensor used, data on CO 2 concentration was only able to be
collected for one trial per stove top configuration. Even though only one trial was tested, the
carbon dioxide concentration was able to indicate the level of pine needle combustion
completion, that is, whether or not both the primary and secondary bums were taking place.
4. Results and Discussion
The design of the stove top configuration was varied in order to measure and assess the
performance of two different stove top designs when using raw pine needles as a fuel source in a
semi-gasifier. The criteria used to critique the performance of the two stove tops include (1) fuel
consumption, (2) overall heat distribution, and (3) ability to aid in thoroughly completing the
pine needle combustion cycle in the stove top pathway, through measuring the carbon dioxide
level exiting the exhaust outlet of the stove top. Through testing, it was found that the C-shape
stove top configuration had better performance when it came to distributing the heat around the
glass surface, although the spiral configuration on average reached slightly higher temperatures.
This can be seen in Figure 25 by noting that the temperature profiles of the thermocouples in the
stove top (T3, T6, and T7) are more tightly grouped for the C-shape configuration than the spiral
configuration. Although the two stove tops consumed nearly the same amount of fuel during the
trials, the spiral configuration consumed slightly less fuel and tended to emit less excess smoke
than the C-shape configuration.
4.1 Temperature Results
From this set of tests, both quantitative thermocouple data and qualitative observations
regarding the performance of the two stove top designs were taken and noted. Figure 25 shows
measurements of the temperature versus time for each of the stove top designs. Each stove top
was tested three times, with the average of the three trials given in Figure 25. The primary
airflow was set to 40 scfh and the secondary air was set to 90 scfh and remained at this level for
the duration of the thirty minute test. Summaries and graphs for each of the six trials can be
found in Appendix B. Table 1 lists the locations of the thermocouples throughout the stove, as
depicted in Figure 14.
Table 1: List of Thermocouple Locations in the Experimental Set-up
Thermocouple Location
Tl Bottom of Combustion Chamber
T2 +5.5" in Combustion Chamber
T3 +11.25" in Combustion Chamber
T4 Primary Air Inlet
T5 Secondary Air Inlet
T6 Stove Top; Opposite Side from Exhaust
T7 Stove Top Exhaust
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Figure 25: Thermocouple data of the Temperature (*C) vs. Time (min) for (a) the spiral
and (b) C-shape configuration stove tops. Each graph is an average of the three trials.
4.2 Burning Observations
4.2.1 Fuel Consumption
Based on the observations of the six trials, for the first 4-5min after the initial 1 OOg of pine
needles have been lit, the system steadily bums in Regime 1, which consists of the primary and
secondary combustion occurring at the same time, as discussed in Section 2.1 and shown in
Figure 1.1 Once the initial batch of fuel begins to run out, the overall temperature of the system
steadily begins to decrease, but with the addition of the steady feed of pine needles through the
linear actuator feeder, the pine needles never enter into Regime 2, where the pine needle charcoal
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burns. Fresh fuel is added to the combustion chamber before the pine needles burn as charcoal,
thus the temperature is able to be maintained above a desired threshold.
The overall temperature of the stove is therefore not steady throughout the duration of the
cook time, as seen in Figure 25 and in Figure 26 below for both stove top cases. When the
temperature begins to decline, because the fresh fuel is running out, more pine needles are added
to the system, which suddenly increases the temperature as the fuel begins to combust rapidly.
Then as this fuel source begins to decline, the temperature decreases until a fresh feed of pine
needles are once again introduced to the combustion chamber. This explains the zig-zag pattern
of the temperature profiles in the combustion chamber (TI-T3) and in the stove top (T6-T7).
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Figure 26: Temperature (*C) in the Stove Top vs. Time (min) of Trial 3 for (a) the spiral
and (b) C-shape configuration stove tops. The arrows indicate the time at which the glass
was placed on the stove top and when pine needle fuel was fed through the feed via the
linear actuator.
The rate at which the pine needles were consumed also varied during each test, as seen in
Figure 26, but between the two stove top configurations, the average consumption was nearly the
same. In addition to the 100g of pine needle initially present in the combustion chamber, the
spiral configuration consumed an average of 283±3g of fuel, and the C-shape configuration
consumed an average of 287±3g of fuel, although two of the three trials for the C-shape
configuration consumed less fuel than the spiral configuration (see Appendix B).
4.2.2 Heat Distribution and Temperature Range
Thermocouples 3, 6 and 7 (T3, T6, and T7) are the most important when analyzing the
performance of the stove top designs (Figure 26). Thermocouple 3 measured the temperature
that would exist at the bottom center of a cooking pot, and Thermocouples 6 and 7 measured the
temperatures at the outskirts of the cooking pot. It is important to design a stove top with an
even heat distribution throughout the bottom of the cooking pot in order for the food itself to be
cooked properly and evenly. This temperature distribution for each stove top tested was
analyzed to determine which configuration obtained this goal. Table 2 summarizes the average
temperatures measured at each thermocouple location throughout the stove top. These averages
were taken from the time the glass was placed on the stove to 25min, just as the last of the pine
needles were added to the system and left to cool for the remainder of the testing time (5min), as
indicated by the rightmost green arrow in Figure 26. This cooling time was the only time in
which the system entered Regime 2, where the pine needle charcoal burned and steadily cooled.
Table 2: Temperatures measured at the thermocouples placed in the stove top; each average has an
uncertainty of ±5 'C
Stove Top Temperatures (±5 *C)
Spiral C-shape
T3 - Center
Average 765 792
Maximum 1002 1014
Minimum 524 565
T6 - Midway
Average 553 510
Maximum 667 609
Minimum 100 46
T7 - Exhaust
Average 454 483
Maximum 533 553
Minimum 64 34
Avg. Stove Top Temp. 591 550
As seen in Table 2, the temperature at the center of the stove and at the exhaust was on
average higher for the C-shape configuration; however, the temperature at the midway point
through the configuration was higher for the spiral design. The last line of Table 2 shows the
average stove top temperature across the three thermocouples (T3, T6, and T7), which yields the
spiral configuration to have an overall higher temperature across the stove top than the C-shape
configuration.
4.3 Carbon Dioxide Measurements
The carbon dioxide sensor was used during the full length of the test for the last trials of
each stove top. The result of the measurements taken with the spiral stove top is shown in Figure
27.
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Figure 27: CO2 measurement of the spiral stove top design during the third trial.
As shown above, when the combustion cycle of the pine needles began in the semi-gasifier,
the CO 2 concentration quickly increased to its saturation level of 100,000ppm in about 90s. Due
to the high temperature of the exhaust exiting the system (T7), the sensor and copper rod and fin
apparatus was removed at 3min, even though this apparatus was built to diffuse the heat, the
temperature was increasing rapidly. When the CO 2 sensor was removed, it continued to measure
at the saturation level until all of the gas passed through the length of the 31" rod to the sensor.
Once the sensor was cooled, it was then place back at the exhaust at 16min, and left alone for the
remainder of the trial while periodically checking that the temperature of the copper and rod
configuration did not get too hot. The CO 2 concentration again rose to its saturation level in 20s,
then decreased after nearly 3min. After about 2min, the CO 2 concentration again rose to its
saturation level for the remainder of the trial.
This behavior of the CO2 concentration can be understood by the gas that passes through the
copper rod and fin apparatus. As the gas passes through, it saturates the CO2 sensor, located at
the end of the rod. Perhaps there was not enough space for the gas to steadily flow out of the
apparatus at the sensor's end. The dip in the CO2 concentration correlates to the time after which
the cartridge was changed, and during the time in which the pine needles were being compressed
in the cartridge by the drill, and steadily entering the combustion chamber. This may explain the
dip in the CO2 concentration because not much combustion was occurring in the combustion
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chamber. Even when more fuel was added later in the trial, the CO2 concentration remained at
saturation. Thus, there is no apparent correlation between the CO 2 concentration and the feed
rate of the pine needle fuel.
The CO 2 sensor results yielded a different story for the C-shape configuration, as shown in
Figure 28 below.
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Figure 28: CO 2 measurement of the C-shape stove top design during the third trial. The
green arrows indicate when the pine needle fuel was injected into the combustion
chamber.
The CO2 sensor did not overheat during this trial and therefore remained at the end of the
exhaust outlet of the stove top for the thirty minute duration. The CO 2 concentration quickly
rose to the saturation level within 3min and remained at this level for most of the trial; however,
near the 1 6min mark, the CO2 concentration began to drop and followed the pattern as shown in
Figure 28. This phenomenon does not correlate with any changes in the operation of the stove
itself with regards to feeding in the pine needles.
Figures 27 and 28 clearly demonstrate that there is a high conversion rate of the usable fuel
to carbon dioxide, thus indicating that the combustion process was effective. The discrepancy
with this data, however, is that even though it is labeled to be a high CO2 range sensor, its
capabilities are limited with regards to the temperature of the gaseous sample. The sensor's
optimal working range is around room temperature, which is why the copper rod and fin
apparatus (see Figure 10) was used to cool the heat of the gas from the exhaust outlet of the
stove. In this configuration, the CO 2 sensor may well have been saturated from the gas that was
trapped and remained in the copper tubing, thus giving a delay in the response of the CO2 sensor
from any changes made to the stove itself.
In either case, it is difficult to determine which stove top configuration aids best in the pine
needle combustion process, because of the reasons discussed above. Therefore, it can be
concluded that the performance of the two stove top designs cannot be accurately compared by
monitoring the CO2 concentration in the exhaust gas with the sensors available at the time.
4.4 Testing Variability
The overall temperature profile of the pine needle combustion cycle were generally
consistent across the trials, and even across the two stove top designs; however, there were a few
factors that varied from trial to trial, which may be due to the following discrepancies.
4.4.1 Humidity and Moisture Content
The humidity of the ambient air was different for the first set of trials compared to the rest of
the trials. The first trial for each stove top design was conducted with an ambient humidity of
incoming pressurized air measured at 75%, whereas this value was on average 33% for the
remaining trials. The moisture content of the pine needles themselves was not measured before
testing, although the pine needles were left in the open air to dry for the same amount of time
before being used in this experiment.
4.4.2 Fuel Feed Rate
The rate at which pine needles were fed into the system varied from trial to trial, depending
on the original packing density of the pine needles in the cartridge and who was feeding the pine
needles into the combustion chamber. Two people operated the drill of the linear actuator feeder
throughout the duration of the six trials, which leads to some variability regarding how much
pine needle fuel was fed into the system each time the drill was pressed. Usually, when the fire
was visibly low in the combustion chamber (as seen through the glass top), or the temperature at
the center of the stove top (T3) dropped to 625'C on the live plot of temperature versus time on
the laptop, the pine needles would be fed into the system until the flames reached the glass top
itself and followed the baffles designed on the stove top configuration. This uncertainty of
exactly when and how much fuel to feed into the system allows for variability regarding the fuel
feed rate; however, the behavioral patterns of fuel feed rate were consistent between the trials,
and operated as how one would instinctively operate such a stove.
4.5 Favored Stove Top Configuration
Despite the variability in some of certain aspects of the test (as described in Section 4.2),
certain characteristics of the tested stove top designs were able to be determined. Overall, the
spiral design had a lower fuel consumption rate and a higher average stove top temperature,
which are both desirable characteristics. The C-shape design may have had a lower average
stove top temperature, but overall, it had a higher heat distribution, as two of the three
thermocouples located throughout the stove top were on average higher than that of the spiral
design.
The measurements of the carbon dioxide concentration, though inconsistent across the trials,
still yielded that that pine needles were nearly fully combusting, because the CO 2 concentration
reached its saturation level during each trial. Carbon dioxide is a good way to measure the
completion of a combustion cycle, as it is a byproduct of any carbon-based fuel.
4.6 Future Testing Possibilities
Two different stove top configurations were designed and tested using an existing semi-
gasifier. One limitation to the tests, however, was the diameter of semi-gasifier itself. Future
work could be done on expanding this diameter to have more room for creative design of the
flow paths and channel widths of the stove top. In addition, the ability to control the surface
temperature at the bottom of the cook pot is a desirable feature to have, and can now be explored,
knowing the temperature ranges in which each of the stove tops operate. Other future tests
should include better CO2 concentration and emissions testing in a more controlled environment
and with higher quality equipment.
5. Conclusion and Recommendations
The purpose of this project was to better understand the characteristics of the spiral stove top
design that was originally created and tested in the early stages of this project as a proof-of-
concept, but was not fully understood. The original prototype used natural convection as a
means for airflow to aid in the pine needle combustion process, but the current work used forced
convection. It is important to design a passive system in order to best accommodate the targeted
demographic, but for testing purposes, it was deemed useful to explore the forced convection
system in a semi-gasifier in order to fully characterize the behavior of the pine needle
combustion cycle under a constant airflow and how it behaves using different stove tops that
allow for different flow patterns. Further research is required to apply the desired characteristics
found in this forced-convection system to a natural convection system. The other automated part
to this design was the linear actuator feeding system, which functioned well in order to have a
better estimate of the amount of pine needles injected into the combustion chamber. But, as
previously mentioned, this mechanism would have to change in the final prototype to a non-
automated part in order to serve the targeted demographic.
For this forced-convection system, the performance of both the spiral and C-shape
configurations were acceptable, however, due to reasons discussed in Section 4, the C-shape
configuration had a higher overall performance. Varying stove top designs have the potential to
harness the energy released during the pine needle combustion process, and it is important that a
stove top be created in order to do so. The stove tops designed and tested were analyzed based
on their ability to allow air to flow through them, and then based on their thermal performance
during the pine needle combustion process. The C-shape design proves to be a good design in its
ability to spread thermal heat and reach vast ranges of temperatures, however, much work is still
needed to perfect its exact geometry so that the fuel consumption and thermal performance are
optimized.
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8. Appendix
Appendix A: Packing Density of Pine Needles in the Fuel Cartridge
When the pine needles are fully loaded in the cartridge, there is a compression stage during
which the end of the linear actuator compresses the pine needles in the cartridge until the pine
needles reach their maximum packing density, at which point the pine needles begin to emerge
from the other end of the cartridge into the combustion chamber of the semi-gasifier. The
following facts relate the motion of the linear actuator with the amount of pine needles dispersed
into the combustion chamber.
- Compression: the pine needles are compressed for 5.67s (or 4.5" of rod is fed) before
the pine needles begin to emerge from the other end.
- Feed: 0.75 in/s is the rate at which the rod is fed by drill power.
- Packing density: 6g of pine needles emerge per 0.75" of rod fed. Thus, with the inner
diameter of the pipe, 1.625", the packing density of the pine needles is calculated to be:
mPN _ mPN _ 4 mPN _ 4(6g) g
V P2 L rD 2L -r(1.625in) 2(0.75in) in3
4
Appendix B: Summary of Stove Top Testing Trials
With the two test configurations for each stove top, each one was tested three times, totaling
six tests. For all tests, the primary airflow was set to 40 scfh and the secondary air was set to 90
scfh and remained at this level for the duration of the thirty minute test. The following are
summaries for each of these tests.
8.1 Spiral Configuration
The temperature distribution throughout the spiral stovetop varied slightly among the three
trials and is demonstrated in Table 3 below.
Table 3: Summary of the spiral stove top temperatures for each trial; each average has an uncertainty
of ±5 *C
Spiral - Temperatures in (±5 *
Trial 1 Trial 2 Trial 3
T3 - Center
Avg. 752 774 771
Max. 988 102 1003
Min. 543 432 597
T6 - Midway
Avg. 521 558 581
Max. 632 659 710
Min. 42 34 224
T7 - Exhaust
Avg. 431 472 458
Max. 513 563 524
Min. 32 27 133
8.1.1 Spiral - Trial 1
Table 4: Setting and parameters of the first trial of the spiral stove top
Environment: Late Evening
Ambient Temp: 14 ±5 0C
Air Compressor Line Temp: 18 ±5 0C
Humidity: 75%
Time glass placed on stove top: 75.Os
Number of Cartridges Used: 3
Fuel mass added to system*: 224 ±3 g
Total fuel mass burned: 324 ±3 g
*This is the total mass of pine needle fuel added to the system through the cartridges, excluding
the initial 1 OOg in the combustion chamber and the approximately 20g of pine needles left in each
cartridge when switching cartridges.
Behavioral Trends: This trial began with primary and secondary burning of the original 100g for
275s before more pine needle fuel was added to the combustion chamber. During this time, the
burning was in Regime 1. Before the pine needles entered Regime 2, more pine needle fuel was
added, as demonstrated in the spike pattern of the temperature versus time graph. The humidity
of the air was highest during this late evening trial.
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Figure 29: Temperature (*C) vs. Time (min); Results from the thermocouples of the first
trial of the spiral stove top.
8.1.2 Spiral - Trial 2
Table 5: Setting and parameters of the second trial of the spiral stove top
Environment: Morning
Ambient Temp: 22 ±5 0C
Air Compressor Line Temp: 24 ±5 *C
Humidity: 40%
Time glass placed on stove top: 60s
Number of Cartridges Used: 4
Fuel mass added to system*: 302 ±3 g
Total fuel mass burned: 402 ±3 g
*This is the total mass of pine needle fuel added to the system through the cartridges, excluding
the initial 1OOg in the combustion chamber and the approximately 20g of pine needles left in each
cartridge when switching cartridges.
Behavioral Trends: This trial began with primary and secondary burning of the original 1 OOg for
420s before more pine needle fuel was added to the combustion chamber. During this time, the
burning was in Regime 1, and began to enter into Regime 2 before more pine needle fuel was
added, as demonstrated by the dip in T3 around this time. The humidity of the air was lower
during this test, as it was taken during the morning rather than in the evening, as in the first spiral
trial.
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Figure 30: Temperature (*C) vs. Time (min); Results from the thermocouples of the
second trial of the spiral stove top.
8.1.3 Spiral - Trial 3
Table 6: Setting and parameters of the third trial of the spiral stove top
Environment: Mid-Morning
Ambient Temp: 26 5 *C
Air Compressor Line Temp: 22 5 *C
Humidity: 27%
Time glass placed on stove top: 60s
Number of Cartridges Used: 4
Fuel mass added to system*: 322 3 g
Total fuel mass burned: 422 3 g
*This is the total mass of pine needle fuel added to the system through the cartridges, excluding
the initial 1 OOg in the combustion chamber and the approximately 20g of pine needles left in each
cartridge when switching cartridges.
Behavioral Trends: This trial began with primary and secondary burning of the original 1 OOg for
290s before more pine needle fuel was added to the combustion chamber. During this time, the
burning was in Regime 1. Before the pine needles entered Regime 2, more pine needle fuel was
added, as demonstrated in the spike pattern of the temperature versus time graph. The humidity
of the air was lower during this test, as it was taken mid-morning rather than in the evening, as in
the first spiral trial.
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8.2 C-shape Configuration
The temperature distribution throughout the C-shape stovetop varied slightly among the
three trials and is demonstrated in Table 7 below.
Table 7: Summary of the C-shape stove top temperatures for each trial
C-shape - Temperatures in (± OQC
Trial 1 Trial 2 Trial 3
T3 - Center
Avg. 763 825 786
Max. 1020 1016 1005
Min. 534 580 583
T6 - Midway
Avg. 546 422 562
Max. 674 492 662
Min. 35 62 40
T7 - Exhaust
Avg. 389 585 474
Max. 459 662 540
Min. 21 44 37
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8.2.1 C-shape - Trial 1
Table 8: Setting and parameters of the first trial of the C-shape stove top
Environment: Late Evening
Ambient Temp: 13 5 0C
Air Compressor Line Temp: 18 5 0C
Humidity: 75%
Time glass placed on stove top: 60s
Number of Cartridges Used: 3
Fuel mass added to system*: 214 ±3 g
Total fuel mass burned: 314 3 g
*This is the total mass of pine needle fuel added to the system through the cartridges, excluding
the initial 1Og in the combustion chamber and the approximately 20g of pine needles left in each
cartridge when switching cartridges.
Behavioral Trends: This trial began with primary and secondary burning of the original 100g for
320s before more pine needle fuel was added to the combustion chamber. During this time, the
burning was in Regime 1. Before the pine needles entered Regime 2, more pine needle fuel was
added, as demonstrated in the spike pattern of the temperature versus time graph. When the trial
began, there was a lot of smoke released, much more so than the spiral configuration, as the
stove was not yet reached a high enough temperature for the combustion cycle of the pine
needles to function properly. The humidity of the air was highest during this late evening trial.
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Figure 32: Temperature (*C) vs. Time (min); Results from the thermocouples of the first
trial of the C-shape stove top.
8.2.2 C-shape - Trial 2
Table 9: Setting and parameters of the second trial of the C-shape stove top
Environment: Morning
Ambient Temp: 26 5 *C
Air Compressor Line Temp: 24 5 *C
Humidity: 35%
Time glass placed on stove top: 60s
Number of Cartridges Used: 4
Fuel mass added to system*: 334 ±3 g
Total fuel mass burned: 434+3 g
*This is the total mass of pine needle fuel added to the system through the cartridges, excluding
the initial 1Og in the combustion chamber and the approximately 20g of pine needles left in each
cartridge when switching cartridges.
Behavioral Trends: This trial began with primary and secondary burning of the original 1 OOg for
290s before more pine needle fuel was added to the combustion chamber. During this time, the
burning was in Regime 1. Before the pine needles entered Regime 2, more pine needle fuel was
added, as demonstrated in the spike pattern of the temperature versus time graph. The starting
temperature of the combustion chamber was slightly higher for this trial, which explains the
faster rate at which the stove got up to temperature. The humidity of the air was low during this
test, as it was taken during the morning.
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Figure 33: Temperature (*C) vs. Time (min); Results from the thermocouples of the
second trial of the C-shape stove top.
8.2.3 C-shape - Trial 3
Table 10: Setting and parameters of the third trial of the C-shape stove top.
Environment: Mid-Morning
Ambient Temp: 27 ±5 *C
Air Compressor Line Temp: 22 ±5 *C
Humidity: 29%
Time glass placed on stove top: 60s
Number of Cartridges Used: 4
Fuel mass added to system*: 312 ±3 g
Total fuel mass burned: 412 3 g
*This is the total mass of pine needle fuel added to the system through the cartridges, excluding
the initial 1 OOg in the combustion chamber and the approximately 20g of pine needles left in each
cartridge when switching cartridges.
Behavioral Trends: This trial began with primary and secondary burning of the original 1 OOg for
340s before more pine needle fuel was added to the combustion chamber. During this time, the
burning was in Regime 1. Before the pine needles entered Regime 2, more pine needle fuel was
added, as demonstrated in the spike pattern of the temperature versus time graph. As this was
the last test, smoke was seen emerging from holes through which the thermocouples were
caulked into place because the caulking had most likely worn off at this point. The humidity of
the air was lower during this test, as it was taken mid-morning.
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Figure 34: Temperature (*C) vs. Time (min); Results from the thermocouples of the third
trial of the C-shape stove top.
